Introduction
The kappa opioid receptor (KOR) and its putative endogenous agonist, the neuropeptide dynorphin, have been identified as playing a critical role in alcohol abuse and dependence. Recent studies of humans of European American descent demonstrate that variations in the genes encoding KOR and dynorphin, OPRK1 and PDYN, are associated with alcohol dependence (Xuei et al., 2006; Edenberg et al., 2008; Karpyak et al., 2012) . In addition, animal studies using rats show that activation of KORs with a selective KOR agonist reduces voluntary ethanol intake (Lindholm et al., 2001) , while a selective KOR antagonist increases alcohol self-administration (Mitchell et al., 2005) .
However, chronic treatment with a KOR agonist enhanced ethanol intake during alcohol deprivation in rats that had long-term exposure to ethanol (Hölter et al., 2000) .
Furthermore, a KOR antagonist selectively reduced ethanol self-administration in rats made dependent on ethanol but not in non-dependent rats (Walker and Koob, 2008; Walker et al., 2011) . Mice lacking KORs drink half as much ethanol as either wild-type or heterozygous mice (Kovacs et al., 2005) , and mice lacking dynorphin also show reduced voluntary ethanol consumption (Blednov et al., 2006) . While the mechanistic role of the dynorphin/KOR system in ethanol dependence is not clear, involvement in ethanol abuse and dependence is in line with the well-established role of the dynorphin/KOR system in stress-induced depression-like behaviors and relapse to drugseeking behaviors in both rats and mice (Beardsley et al., 2005; Carey et al., 2007; Land et al., 2008; Carey et al., 2009 ).
The activation of KOR by agonists generally inhibits neurons through coupling of inhibitory G-proteins (Gi/Go) either through enhanced potassium conductance (Madamba JPET #202903 6 et al., 1999) or inhibition of N-type calcium ion channels (Simmons and Chavkin, 1996; Hjelmstad and Fields, 2003) . KORs are localized on axon terminals as well as neuronal cell bodies, and may act through two mechanisms: the inhibition of neurotransmission directly at terminal release sites (Svingos et al., 1999; Li et al., 2012) as well as direct hyperpolarization of cell bodies (Margolis et al., 2003) . An example of such modulation of neurotransmission, a decrease in dopamine release by the dynorphin/KOR system in the nucleus accumbens (NAcc), was proposed as one mechanism underlying the effect on alcohol consumption (Lindholm et al., 2007) . As with other drugs of abuse, ethanol acutely induces dopamine release in NAcc (Weiss et al., 1993; Gonzales et al., 2004) , whereas stimulation of KORs reduces the release of dopamine in NAcc (Spanagel et al., 1992) . Ethanol-dependent rats show increased dopamine release when intoxicated but reduced basal dopamine tone during withdrawal, which is increased by KOR antagonism (Diana et al., 1993; Lindholm et al., 2007) . Consistent with this, KOR knockout mice showed elevated ethanol-evoked dopamine release in the NAcc (Zapata and Shippenberg,
2006).
The central nucleus of the amygdala (CeA) is a site where the dynorphin/KOR system likely contributes to ethanol dependence. KORs and dynorphin, the endogenous KOR agonist, are highly expressed in rat and mouse CeA (DePaoli et al., 1994; Slowe et al., 1999; Marchant et al., 2007) , suggesting a functional role of the dynorphin/KOR system in this brain region. The CeA is a brain region critical in mediating anxiety-and stress-related behaviors (Tye et al., 2011) and is also involved in drug addiction, including drug reward and reinforcement and stress-induced reinstatement of drug dependence (Koob et al., 1998) . Lesions of the CeA reduce voluntary alcohol JPET #202903 7 consumption as well as anxiety in rats (Moller et al., 1997) . GABA A receptor antagonists injected into the CeA significantly decrease ethanol consumption (Hyytiä and Koob, 1995; Foster et al., 2004) . Because the dynorphin/KOR system is a key modulator of anxiety and fear conditioning (Bilkei-Gorzo et al., 2012) , its dysregulation in CeA could contribute to ethanol dependence. Therefore, this study aims to examine the functional effects of the activation of KOR system in CeA, specifically its effects on inhibitory synaptic responses as well as interactions with acute ethanol.
The CeA is comprised of heterogeneous cell types with multiple physiological signatures. CeA projection neurons responsible for fear conditioning or anxiety-related behaviors are localized in the medial division, whereas these neurons are inhibited by lateral division neurons. Immunohistochemical studies show that dynorphin is highly localized in the lateral division of the rat CeA (Marchant et al., 2007) . Therefore, in this study, we recorded from medial division neurons while local stimulation was applied in the lateral division.
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Methods
Generation of Knockout Mice. The methods for generation of the knockout mice are as described previously (Simonin et al., 1998; Kovacs et al., 2005 For analysis of evoked IPSCs, we measured peak amplitudes off-line using Clampfit (Molecular Devices) on an IBM compatible computer, and compared the drug effects between groups using two-sample t test or two-way ANOVA when appropriate.
For analysis of mIPSCs, we analyzed the frequencies and amplitudes using Mini Analysis (www.synaptosoft.com), and tested drug effects using the Komologrov-Smirnov (K-S) statistical method. We considered p < 0.05 as indicating statistical significance. We used . This suggests that the effect of U69593 is at least in part due to decreased GABA release, because changes in PPF are inversely related to transmitter release (Andreasen and Hablitz, 1994) . We further examined the locus of KOR action on the IPSCs by measuring the effect of U69593 on mIPSCs after blocking action potentials with TTX (1 µM). Application of U69593 (1 μ M) significantly (p < 0.01) decreased the frequency of mIPSCs in CeA neurons from 7.9 ± 1.5 Hz to 6.4 ± 1.3
Hz (n = 16, Fig. 1B ) and significantly (k-s z = 1.72, p < 0.01) shifted the cumulative frequency distribution to longer inter-event intervals (Fig 1Bb) , suggesting that U69593
reduces the vesicular release of GABA. U69593 did not significantly alter the amplitude of mIPSCs (means: control, 36.5 ± 4.9 pA; U69593, 35.9 ± 5.0, n = 16; Fig 1Bc) .
Pharmacological block of KORs enhances ethanol-induced increases in GABAergic transmission in CeA.
We and others have previously shown that acute ethanol enhances GABA release at CeA synapses from rats and mice (Roberto et al., 2003; Nie et al., 2004; Kang-Park et al., 2007; Kang-Park et al., 2009 ). In addition, our previous physiological studies indicate that acute ethanol induces release of neuropeptides such as endogenous opioids and CRF in CeA (Nie et al., 2004; Lam et al., 2008) and that these peptides may further modulate GABA release (Nie et al., 2004; Kang-Park et al., 2007; Kang-Park et al., 2009; Roberto et al., 2010 
Loss of KORs alters baseline GABAergic transmission and ethanol effects in CeA.
Based on behavioral studies of opioid receptor KO mice, KORs do not appear to mediate emotional responding under control conditions (Filliol et al., 2000) . However, KORs mediate effects of cannabinoid receptor agonists in a manner opposite to that of mu opioid receptors (MORs) (Ghozland et al., 2002) . Because a KOR antagonist augmented GABA responses in the CeA in the present study, we examined baseline GABA transmission in CeA of KOR KO and WT mice, first comparing a range of evoked IPSCs in response to five different stimulus intensities with 1x determined as the smallest stimulation that produced a discernible (Fig. 3A) . Using two-way ANOVA, evoked IPSC amplitudes from KO (n =14) and WT (n = 21) mice were comparable (F[1,33] = 0.10; p = 0.75; Fig 3A) , suggesting a modest contribution of KORs to tonic
inhibition. Across all neurons tested, the effect of ethanol effect was significantly (p <0.01) greater in CeA of KOR KO mice compared to WT mice, increasing the evoked IPSC amplitudes by 14.2 ± 3.1% from 665.8 ± 86.2 pA to 764.2 ± 96.8 pA (p < 0.01, n = 19) in WT mice and by 33.5 ± 8.9% from 656.2 ± 105.0 pA to 841.5 ± 129.3 pA (p < 0.01, n = 13) in KOR KO mice. In addition, this ethanol effect was associated with a decrease in the paired-pulse ratio (PPR) (Fig 3B) To further examine the locus of the ethanol / KOR interaction, we studied mIPSCs in the presence of TTX (1 µM) in the CeA from KOR KO and WT mouse brain slices (Fig 4) . There were no significant differences in the frequencies or amplitudes of the baseline mIPSCs between WT and KOR KO mice; the mean baseline frequencies were 2.0 ± 0.2 Hz and 2.2 ± 0.3 Hz for the WT mice (n = 14) and KOR KO mice (n = 16), respectively, while the mean baseline amplitudes were 22.7 ± 1.8 pA and 22.3 ± 1.1 pA, respectively. Ethanol (40 mM) increased the frequency of mIPSCs without changing their amplitudes in CeA neurons from both groups of mice; from 1.9 ± 0.2 Hz to 2.5 ± 0.3 Hz (p < 0.01, n = 11) in WT mice and from 2.2 ± 0.3 Hz to 3.4 ± 0.5 Hz (p < 0.01, n = 14) in KOR KO mice. However, the ethanol increase in mIPSC frequency in the CeA of KOR KO mice (56.8 ± 8.4 %; n = 14) was significantly (p < 0.05) greater than that in WT mice (35.0 ± 5.0 %, n = 11) (Fig 4B) , further suggesting a presynaptic interaction of KORs and ethanol in regulating GABA release.
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The KOR sensitivity was observed in approximately half of CeA neurons tested.
We were unable to characterize this subpopulation of neurons at this time, as there was no electrophysiological signature specific to these neurons, nor was there a clear bimodal distribution of responses. However, these heterogeneous responses are consistent with the distribution of KORs and dynorphin in the CeA. Only a small fraction of CeA neurons express dynorphin (Marchant et al., 2007) withdrawal (Walker and Koob, 2008; Sirohi et al., 2012; Berger et al., 2013) . Further studies of the physiology of the KOR/dynorphin system in the ethanol dependent state appear warranted.
Modulation of GABAergic systems in the CeA was initially proposed as the primary mechanism underlying the motivational and reinforcing effects of ethanol (Hyytiä and Koob, 1995) . Our previous work indicates that acute ethanol modulates GABAergic IPSCs in CeA indirectly through release of neuropeptides such as CRF and endogenous opioids; CRF increases GABA release (Nie et al., 2004; Roberto et al., 2010) , whereas endogenous opioid peptides decrease GABA release (Kang-Park et al., 2007; Kang-Park et al., 2009 ). Thus, the overall effect of ethanol on GABAergic neurotransmission would be the net effect of these positive and negative modulators on GABA release.
The relationship between ethanol-induced modulation of the CeA GABAergic system and the motivational effect of ethanol is not entirely understood. The reinforcing effect of acute ethanol is blocked by inactivation of GABA A receptors in CeA, suggesting that an increase in GABA release may be a mechanism underlying reinforcing effects of ethanol in a rat model (Hyytiä and Koob, 1995) . Similarly, Roberto and Siggins (Roberto and Siggins, 2006) system is altered following chronic ethanol treatment, such that GABA agonists or KOR antagonists (that can augment GABAergic IPSCs) block the reinforcing effects of ethanol in dependent rats (Walker and Koob, 2008) . Second, KOR KO mice (Kovacs et al., 2005) , as well as dynorphin KO mice (Blednov et al., 2006) , drink less ethanol than WT mice, although both KO mice should presumably exhibit disinhibition of GABAergic transmission in CeA (however, the study by Kovacs et al. (2005) showing that KOR and MOR activation mediates opposing effects on reinforcing actions of tetrahydrocannabinol (Ghozland et al., 2002) . In addition, while activation of mu and delta receptors is generally anxiolytic, KOR activation appears to be associated with dysphoria (Land et al., 2008) and frequently blocks behavioral effects of MOR activation (Pan, 1998) .
The opposing behavioral effects of KOR and MOR activation could result from the different cellular localization of these receptors in CeA, despite a similar cellular mechanism. Such a model accounts for differing behavioral effects of oxytocin and vasopressin, despite identical physiological mechanisms at the cellular level in CeA (Huber et al., 2005) . Previous work has indicated that discrete subpopulations of CeA Another possibility is that subpopulations of CeA neurons showing different MOR and KOR sensitivity could have distinct target projections. In the mouse ventral tegmental area, dopaminergic neurons projecting to nucleus accumbens are selectively sensitive to kappa receptor agonists, whereas neurons projecting to basolateral amygdala are sensitive to mu/delta receptor agonists (Ford et al., 2006; Ford et al., 2007) ;
presynaptic GABAergic transmission was also differentially regulated (Ford et al., 2006) .
However, a similar study in rats comparing accumbens projections to basolateral amygdala and prefrontal cortex reported that the cortical projections, not the amygdala projections, were sensitive to KOR-mediated inhibition (Margolis et al., 2006) . As the methods in these two studies were otherwise very similar we suggest that these seemingly contradictory findings result from species differences, though both studies support the notion of differential opioid peptide sensitivity based on target locations. 
